
..

i

NATIONALADVISORY COMMITTEE
FOR AERONAUTICS

o
m
n-

m
o-

TECHNICAL.NOTE 3984

STATISTICAL STUDY OF AIRCR4FT ICING PROBABILITIES AT THE

700- AND 500 -MILLIBAR LEVELS OVER OCEAN AREAS IN THE

NORTHERN HEMISPHERE

By Porter J. Perkins, William Lewis,
and Donald R. Mulholland

Lewis Flight Propulsion Laboratory
Cleveland, Ohio

Washington

May 1957

=

g
4

I

I



.

●

NATIONAL ADVISORY CCMMI’I’J7EE

TE3HNICAL NOTE 3984

STATISTICAL STUDY OF KCRCRAFT ICING PROBABILITIXS AT THE 700- AND

500-MILGISAR LEVELS OVER OCEAN AREAS IN THE NORTHERN HEMISPHERE

By Porter J. Perkins, William Lewis, and Ibnald R. Mulholland

SUMMARY

A statistica.1study is made of icing data reported from weather
reconnaissance aircraft flown by Air Weather Service (USAF). The weather

$ missions studied were flown at fixed flight levels of 500 millibars

“z (18,030 ft) and 700 millibars (10,000 ft) over wide sreas of the Pacific,
Atlantic, and Arctic Oceans. This report is presented as part of a pro-
gram conducted by the NACA to obtain extensive icing statistics relevant
to aircraft design and operation.

The thousands of in-flight observations recorded over a 2- to 4-year
. period provide reliable statistics on icing encounters for the specific

areas, altitudes, and seasons included in the data. The relative fre-
quencies of icing occurrence are presented, together with the estimated

* icing probabilities and the relation of these probabilities to the fre-
quencies of flight in clouds and cloud temperatures.

The results show that aircraft operators can expect icing probabili-
ties to vary widely throughout the year from near zero in the cold Arctic
areas in winter up to 7 percent in areas where greater cloudiness and
wsrmer temperatures prevail. The data also reveal a general tendency of
colder cloud temperatures to reduce the probability of icing in equally
cloudy conditions.

INTRODEC!lIEON

Ibowledge of the frequency of icing conditions during routine or
specialized aircraft operations is required for any basic appraisal of
the aircraft-icing problem. The need and degree of icing protection re-
quired for a psrticulw aircraft can be better determined by both airline
operators and military-operations analysts if the probability of encoun-
tering icing has been established for the areas, seasons, and altitudes
in which the”aircrsf’tis to operate. Previous
icing conditions have not shown how frequently

*
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world-wide sreas on a year-round basis. Past data were obtained on
flights made primarily to determine the extent and magnitude of meteoro-
logical conditions conducive to icing.

As a part of a program conductedby the NACA Lewis laboratory to
obtain more extensive icing-cloud data, a study was made of the icing
data in thousands of in-flight meteorologic~l reports, in order to deter-
mine the relative frequency of encountering icing clouds in as many
regions as possible throughout the year. These reports were taken from
the weather reconnaissance flights made by Air Weather Service. Appre-
ciation is extended to this branch of the U. S. Air Force for supplying
the original data records and also to the Wright Air Dwelopment Center
(ARIX) for assistance in processing the large quantity of data assembled
for this study. The weather reconnaissance flights have accumulated,
over the past several yesrs, a vast quantity of meteorological records
taken over the Pacific, Atlantic, and Arctic oceans. This large q,uantity
of data, representing many flying hours, was necesssry to establish re-
liable icing statistics because of the generally infrequent occurrence
of icing conditions.

This report presents a tabulation and preliminary analysis of the
icing probabilities and associated data for_several specific sreas over
the three oceans. The results are separated into the four seasons of the
yesx and sre restricted to fixed flight levels of 700 an~ 5(X)millibsrs.
Data ere also included from flights at 1503 feet, which encountered v&y
little icing because of the predominance of above-freezing temperatures
at this level, The probabilities of icing were related to the frequencies
of cloud penetrations and to the measured cloud temperatures.

. *

A set of punched cards containing alJ_of the data from the weather
reconnaissance reports used in this study is on file at the National ‘“ “-
Weather Records Center, Ashville, North Carolina.

DESCRIPTION OF WEATHER RECONNAISSANCE FLIGHTS

Geographical Location and Survey Period

The weather reconnaissance flights made by Air Weather Service,
using WB-Z9 aircraft, were along established tracks that were not altered
appreciably during the period of survey. These tracks, in the northern
“hemisphere,are plotted on the map shown in figure 1. we flights origi-
nated from Air Force bases in Alaska for tk Arctic areas; J=panj GUSM~
Hawaii, and California for the Pacific are~s; and Bermuda, the Azores,
and England for the Atlantic sreas. Straight-line courses were flown,
starting near the Air Force base and return@g to the originating base
after covering up to 2400 miles for the complete flight. These long
flights were made abost entirely over ocean areas. The track designa-
tions originall~ assigned by Ah Weather Service are ret~ned in this

.
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Information for northern latitudes was obtained from tracks over
. the Arctic Ocean, Bering Sea, and Atlantic Ocean off the coast of Norway.

The “Ptarmigan” track extended out over the Arctic Ocean from the North
coast of Alaska almost to the North Pole. The Bering Sea area, including
the Aleutian Islands, was covered by the “bon” track. Flights up the
2° east meridian from England to about latitude 75° were labeled “Falcon”
track.

The Pacific Ocean was surveyedby several tracks covering the
western, north-central, and eastern areas. The western Pacific was cov-
ered by the “Buzzard Deltalltrack, which extended northeast from Japan
to about 50° north latitude; the “Buzzard ~“ track, which etiended
over the China Sea and Kbrea areas west of Japan; and the “Vulture”
tracks, which covered areas both north and south of Guam. Flights along
the “petrel” tracks provided data for the north-central Pacific, north
of the Hawaiian Islands up to about latitude 40° north. The eastern
Pacific area was surveyed by the “Lark” tracks, which extended north and

~ west from the Caltiornia coast up to about latitude 500 north.

2
ql The tracks in the Atlantic Ocean covered a large area, although they

g were lacking in data for all seasons. The three “Gull” tracks, origi-
nating from Bermuda, surveyed large areas northwest, northeast, and south.
of that base. A number of different tracks called “Eagle” originated in
the Azores, and each track was used for a relatively short period of time.
The limited quantity of “Eagle*’data prevented individual analysis of a.
particular track; and, therefore, these tracks were combined within an
area of 20a of longitude and 15° of latitude and labeled “couibined*Eagle’
tracks”.

The weather data used in this study were taken generally over a 2-
vesr _ceriodfrom Maw 1952 to June 1954. The arctic areas included addi-
iiona:
during
areas.
amount
during

data through”June 1955. In some areas flights were made only
certain seasons, which prevented full-year statistics from those
In general, data over a 2-yesr period was considered the minimum
needed to eliminate abnormal weather variations that could occur
a particular season.

Flight Procedure

Flight altitudes. - The flights were made at constant pressure
levels of 500 millibars (18,300-ft pressure altitude) and 700 millibars
(lO,OX&ft pressure altitude). Flights were made at 1500 feet above the
sea surface to obtain approximate surface measurements. Most flights
were made using combinations of these altitudes over the complete track.

& Usually, a fixed level was maintained for approximately KM the flight
and was followed by a climb or descent to another level for the remainder
of the track. The map of figure 1 shows the portion of each track where

*
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the pressure levels were flown. The altitude flown most frequently,
considering all the tracks, was the 500-milliber level. The predeter-
mined,pressure altitude of each flight was maintained regardless of
weather conditions, unless severe turbulence or icing, or areas-suspected
of severe turbulence or icing (thunderstorms]
tude or course.

, required a changq of”alti-
Flying at a constant pressyre level resulte~--inchanges

in true altitude above the sea surface. Variations in the atrnos&ric-
pressure pattern along the track throughout the year resultedin true
altitudes rangi~_between 15,0~ and 19,000 feet at the SO&millibar
level and between 8000 and 11,000 feet at the 700-millibar level.

Reporting procedures. - The in-flight weather observations were
taken at predetermined positions along each track. These reporting posi-
tions (plotted as circles on the map of fig. 1) were established at
lCO-mile intervals, giving between 20 and 24 obse~ations about 1/2 hour
apart for each flight. Exceptions to the d~ation of these flights
occurred because of abortive missions or special flights. Usually one
flight was made each day sLong each track, providing daily weather records
for every position along the track.

All the weather observations were made by trained personnel using
standardized reporting procedures. T!heobserver reported conditions at
each position on a coded message form developed by the Mr Weather Service
and adopted as the internationally appraved weather reconnaissance code.
Instructions for the use of the code sre contained in reference 1. For
each observation, the aircraft was considered to be at the center of a
verticsl cylinder 30 nautical miles in radius, and meteorological condi-
tions were reported as occurring within this cylinder.

Although many weather elements were observed, only a few were applied
to this study, namely: the occurrence or nonoccurrence of icing, flight
in clouds or clear air, air temperature, pressure level, location, and
date of flight. The icing reports gave data on the intensity and type
of ice and on the location of the icing areaj the code also provided for
the reporting of icing when it occurred between reporting positions.
The reporting of flight in clouds was divided into four categories, de-
fined as being “on instruments” (1) 25 percent of the time, (2) 50p-er-
cent of the time, (3) 75 percent of the time, and (4) all of the time.
The measured air temperature was corrected for kinetic heating before
being reported in code form.

Icing was usually detected visually on the black surfaces of the
wing leading edge and on the forward edges of antennas. Most flights
were scheduled for daylight hours, although this was not always possible,
particularly in the Arctic regions in winter. A code figure was provided
to indicate where observation was impossible because of dsrkness.

.

●

.

.

.

—

.



NACA TN 3984
.

5

METHOD OF ANALYSIS AND PRESENTATION OF DATA
9

Use of Punched Csrds

The large quantity of information availa%le from the weather recon-
naissance flights required the use of machine methods for convenience in
handling the data. All items reported by the observers were punched
directly on csrds in the original coded form. Each position report re-
quired the use of two csxds to transcribe the large smount of data con-
tained therei~j these two cards were later condensed into a single card
for each observation. Tsble I lists the observed data as it was punched
in the card columns on the single card. TMs summary card provides space
for recording data relative to two cloud I-ay=s. In cases where more
than two layers existed, an additional summary card was made, which con-
tained only the identifying information (card columns 1 to 10) and the
additional cloud information. TIE observations that included reports of
icing were individually tabulated from the punched cards to provide a
convenient form for the detection of inconsistencies in the over-sll.
reports.

The cards were seperated into WOups for the statistical study,
. according to area (track), season, and flight level. The seasonal cate-

gories were established as follows:

. (1) Spring - Msrch, April, May

(2) Summer - June, July, August

(3) Fall - September, October, November

(4) Winter - lkceuiber,January, Februsry

Table 11 lists 100 card groups separated according to ttis procedure,
with the corresponding number of observations for each group. W years
that were included within each season me also listed. The amount of
data in each group varied considerably because of the differences in
flight operations among the bases during the periods chosen for the
study. Since the data were not broken down by monthsj data for a par-
ticular season and yesx should not be considered equally distributed
throughout the three months included in each season.

Selection and Evaluation of Icing Data

The selection of items for detailed presentation was based on their
. importance in the study of two aspects of icing climatology: (1) the

relation of icing to clouds and temperature and (2) the exbent and fre-
quency of icing encounters.

.



NACA TN 3984

In the study of icing with respect to.clouds and temperature, only
reports of icing occurring at the time of observation were included,
since simultaneous data on temperature and flight conditions were re-”
quired. All observations in which icing (past or present) was reported
were exsmined individually, and those in which icing occurred at the time
of observation were tabulated with the associated temperatures and
flight conditions.

In the determination of the extent and frequency of icing encounters,
it was necessary to establish the distance from each observation position
to the beginning and ending of the icing area. Individual sequences of
reports were examined and the total length of each icing encounter was
determined, based on the assumption that the distance between reporting
positions was 100 nautical miles.

In a number of the icing encounters, the interpretation of the data
was complicated by errors and inconsistencies in the coded reports.
Rejection of all inconsistent reports obviously would have led to a seri-
ous bias in the results. An attempt was made, therefore, to Interpret
doubtful data so as to introduce a minimum of bias.

RESULTS AND DISCUSSION
.

Icing in Relation to Clouds and Temperature .

Data on free-air temperature, flight in clouds, and icing for each
flight track, season, and altitude for which an appreciable number of
observations occurred at temperatures below.freezing are listed in table
111. The data groups in table 11 with most of their observations above
freezing are not included in table KU. For each flight level, the fol-
lowing three items were tabulatedby 5° C temperature intervals:

(1] Total number of observations N

(2) Number of observations in which the flight was reported to be
continuously or intermittently in clouds n

(3) Numler of observations in which icing was reported as occurring
at the time of observation x

Also included in table 111 for each 5° temperature range sre values for
the ratios of in-cloud and icing observations to total.observations
(n/N and x N, i%espectively) and the ratio of icing to in-cloud obser-

{vations (x/n .

These results are summarized in table IV, which includes also the
average temperatures for total obs~rvationsj CIOUd obse~ations~ and
icing observations.
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FTobability of clouds and icing. - The ratios n/l? and x/N sre
* statistical estimates of the probability of flight in clouds or icing

conditions, respectively. The icing-to-cloud ratio x/n is a statisti-
cal estimate of the conditional probability of icing when clouds are
known to be present. For the data groups Msted in table lV, the proba-
bility of icing varies from zero to nesrly 7 percent, with half the vslues
below 2.3 percent. The probability of flight in clouds varies from 1.5
to 28 p&cent, with a median of 12.8 percent, and the icing-to-cloud
ratio varies from zero to 54 percent tith a median of 19 percent.

The interpretation of these ratios as estimates of probability is
based on the concept of probability as the percentage of successes in a
large number of independent trials of a discrete event. fi this case,
the event is the observation of the occurrence or nonoccurrence of cloud
penetration or icing at a particular time. An observation m~ be regarded
as a discrete event when the observation period is short compared tith
(1) the intervsl between observations and (2) the usual dwationof flight
in clouds or icing. Successive observations may be regarded as independ-
ent, repeated trials if the distance between them is large compsred with
the scale of cloud systems on the weather map.

. In the instructions to observers (ref. 1), the time of the flight-
level observation is defined as the the at which the aircraft is at the
center of a cylinder 30 nautical miles in radius; all elements are ob-

.
served as close to this time as possible. ‘I!&reporting of icing “at the
present position” refers specifically to the “time of the flight-level
observation.“ “Flight condition” (including cloud penetration) is de-
fined as the average during the time required to make the flight-level
observation. Thus, both elements appear to be based on a short-period
observation nesx the center of the observation cylinder rather than on
the entire 60-nautical-mile diameter, and it is probably justifi~le to
regard them as discrete events.

The requirement of independence of repeated trials obviously is not
fulfilled because of the short distance between successive observations
as compared with the large-scale cloud systems. Although not independent,
the observations are still unbiased, %ecause the flight tracks, ti~s of
flight, and observation procedure were established in advance and were
not modified significantlybecause of existing weather conditions.
Therefore, the ratios provide unbiased estimates of the probabilities,
although the reliability of the estimates is less than the nuuiberof
observations would indicate.

IciM -to-cloud ratio as a function of temperature. - At temperatures
appreciably below freezing, the icing-to-cloud ratio x/n represents the

K fraction of the clouds penetrated that contained liquid-water dxoplets,
the remainder that did not cause icing being composed entirely of ice
crystals. Since the probability of the formation of ice crystals in.
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clouds increases as the temperature is reduced, the ratio x/n should
be primarily a function of temperature. Figure 2 shows the average rela- ●

tion between icing-to-cloud ratio and temperature as revealed by table
111. The rapid decrease of the icing-to-cloud ratio and the associated
icing probability with decreasing temperature is clearly evident from
these data. Data from temperatures of 0° to -20 C are not included in
figure 2, because kinetic heating frequent_Q prevents icing in this
temperature range.

An examination of table III reveals wide variations in the individual P

values of x/n from the average values of figure 2. Application of %
N

statistical tests shows that these variations are considerably lsrger
than would be expected from random sampling if the true value of x/n
were a function of temperature alone. Moreover, the variations in x/n
are not distributed at random. Since certain areas and seasons have
consistently plus or minus departures from the over-all average values,
perhaps the icing-to-cloud ratio is not a function of temperature alone
but is also a function of season, altitude, and geographical location.

Seasonal and altitude effects. - Over-all seasonal and altitude
effects sre shown in figure 3, which presents sepsrate curves showing the
variations with temperature of cloud probability n/N, icing probability
x/N, and icing-to-cloud ratio

.
x/n for the four seasons and the two

principal flight levels, 700 and 500 millibars. In the interpretation
of these results it should be noted that the apparent seasonal variations .
are influenced to an unknown extent by climatological relations that exist
between season, altitude, and geographical location.

Because of climatic factors, the various geographical ereas sre not
represented equally for all seasons at a given temperature, or for all
temperatures at a given season. For example, the data sample for winter
at 500 millibars at -20° C contains 5 observations from %srmigan” track
and 959 observations from “Lark.” On the other hand, the summer sample

—

at the same altitude and temperature contains 1031 observations from
“Ftsrmigan” and 194 observations from ‘lark.” The difference in the
corres~nding values of the ratios may be due to geographical rather than
to seasonal effects. Similsr interactions exist when the data are clas-
sified with respect to geographical areas instead of season, making it
difficult to separate the effects of the various factors.

Some significant features, however, are discernible in figure 3.
The icing-to-cloud ratio at 500 mi~ibars decreases continuously with
decreasing temperature for all seasons, and_it gener~ has m=imum
values in winter and minimum values in spring. The 700-millibar detaj
on the other hand, fail to show a continuous decrease of iciw-to-c~ud
ratio with decreasing temperature except in spring. For spring, the
x/n curve of 700 millibars perallels the 500-millibar curve, but the
actual values are lower at all temperatures. In other seasons at 700

@

.
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millibars, however, there is a consistent tendency
. the icing-to-cloud ratio near the lower end of the

range.

9

for an increase in
seasonal temperature

Seasonal patterns of clouds and icing for various .sreasat 700 mil-
libars. - In figure 4 are presented graphs showing seasonal variations
~r~~ P$babiuty x/N, (2) cloud probability n/N, (3) icing-to-. , for all tracks for which 700-millibar data for the
entire yesx are included in table IV, and (4) average 700-millibsr tem-

.V
“Q perature. The values shown for the three ratios are over-all values
xl
+ including observations at all temperatures, both above and below freezing.

For most of the areas and seasons included in this study, the temperature
at 700 millibars was above freezing at least part of the time. This fact
is reflected in the over-all values of icing probability x/N, since a
larger percentage of observations above freezing leads to a lower icing ,
probability. Icing probabilities can exist, however, when the average

y temperatures are above freezing. The data presented in thLs way show the
=1
5

practical utility of the over-all ratio x/N as a measure of icing prob-
ability for a given season and altitude.

Tracks “Eagle” and “Lark” are both in the eastern ocean areas, under
. the influence of the oceanic anticyclones during summer and frequent

cyclonic storms in winter. my are characterized by a minimum of cloudi-
ness in summer and a maximum in winter. Both have relatively low icing

. probabilities, with a maximum in winter or spring and with little or no
Icing in summer. Since the mean temperatures sre close to freezing, the
over-sll icing-to-cloud ratios are inversely related to temperature.

“Buzzard Delta” track also has a maximum of cloudiness in winter
combined with a lower average temperature than that of “Eagle” and “Lark.”
‘Thesecircumstances give rise to avery high icing probability. In sum-
mer, the temperature is above freezing most of the time, and the cloudi-
ness is less than in winter; hence, the icing probability is very low.

“Loon” track at 7~ millibars is characterized by a Mgh probability
of cloudiness throughout the year with relatively small seasonal varia-
tions. The icing probability and icing-to-cloud ratio also show rela-
tively small seasonal changes in spite of a rather Wge seasonal vsria-
tion in temperature.

Conditions on “Ptarmigan” track sre unique among the sreas studied
since this track does not lie over open water but over the wlar ice cap.
The surface is covered tith snow and ice in winter and spring and consists
of melting ice in summer, with open water along the southern portions of
the track. Thus, the surface temperature in sumner and early fall is
near 0° C, and in winter and early spring it is much colder. The very
low probabilities of icing in winter and spring are the result of low
temperatures combined with low probabilities of cloudiness.

.
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Seasonal patterns .at5~ millibars. - -Atthe 5~-millibar level,
temperatures sre predominantly below freezing over practically all the
ocean areas of the world. Most of the sreas and seasons included in this
study were entirely below freezing, and even the warmest were below
freezing in over 95 percent of the observations (table III). Thus, the
percentage of observations above freezing is not a significant factor in
determining the icing probability at 500 millibars.

The tracks at 500 millibars may be divided into two groups depending
on the season of occurrence of the maximum probability of icing and
cloudiness> as follows:

(1) Grouy Aj maximum icing in summer, maximum cloudiness in spring
or summer: Vulture 1, Buzzard Kilo, Buzzard Delta, bon, and
Ptarmigan

(2) Group B; maximum icing in fall, maximum cloudiness in winter or
spring: Petrel, Lark, and Gull

The seasonal variations in (1) icing probability, (2) cloud proba-
bility, (3) icing-to-cloudratio, and (4) average temperature are shown
for the 500-millibar level in figure 5. The data from the three “Gull”
tracks are couibinedbecause no one of the Gull tracks hsd data for the
entire year. Although there is considerable vsriation within each group,
the over-sll patterns are fairly consistent. For group A, the annual
variations of cloudiness, icing, and temperature are approximately in
phase. For group B, the cloudiness and temperature are nearly opposite
in phase, and the icing maximum tends to occur before the maximum of
cloudiness. Except for “Vulture” and “Petrel,” the icing-to-cloudratio
generally follows the annual vsriation of temperature.

Frequency and Extent of Icing Encounters

Data on the frequency and extent of icing encounters sre presented
in table V(a). For each flight track, season, and altitude, the table
includes frequency distributions of the following three quantities:

(1] Horizontal extent of individual icing encounters

(2) Total distance in icing on each flight (at given flight level)

(3) Number of encounters on each flight (at given flight level)

The items presented in table V(a) were obtained directly from the
flight data. The numbers in the table are the actual counts of the cases
in each category, with tk exception of t~ fli@t length and the n~~er
of flights with no icing. The length of flight was tslcenas the number

.
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of regular reporting positions at the given flight level, tit iplled by
100 nautical miles. The total number of flights was found by dividing
the total number of observations by the nutier of reporting positions,
and the number of flights with no icing was obtained by subtracting the
number with icing from this total. Thus, incomplete flights were trans-
lated into an equivaknt number of complete flights.

Rrobabil.ityof encountering icing in flight of given length. - For
flight planning, design, and mission analysis, it is desirable to know
the probabilityy of encountering icing a given numb- of times on a
flight of a given length, and the probable extent of icing when it is

encountered. The probability of any particular numter of icing encounters
for the 5C10-or 700-miLlibar portion of a p=ticuhr flight track may be
estimated from the frequency distribution of the encounters per flight
(table V(a)). Because of the small number of cases in each data group,
however, the statistical reliability of these estimates is rather poor.
Moreover, the probabilityies estimated in this way are applicable only to
the particular length of flight for which data were obtained. Estimates
of higher reliabilityy and more general applicability w be obtained by
establishing a relation between the percentage of flights with v~ious
numbers of icing encomt ers and the average number of encounters per
flight.

This relation is shown in figure 6, in which the percentages of .
flights tith at least one, two, and three icing encounters j sre plotted
as functions of the average number of icing encounters per flight m.
Each data point in figure 6 represents combined data from two or more
groups having nearly the same value of m (except the last point on the
right, tiich represents only one data group). me reli~ility of the
individual data points is indicated by vertical-line segments representing
a range of one standard deviation of each side of the sample value. The
empirical curves sre drsxn to represent estimated average relations based
on the data points. Any vertical line from top to bottom in figure 6 is
divided by these curves into four parts representing the probabiMty of
0, 1, 2, and 3-or-mcwe icing encounters on a flight for which the average
number of encounters is given by the abscissa.

Theoretical.curves computed from Poisson’s distribution equation
(ref. 2) are also shown in figure 6. These curves show the probability
of at least 1, 2, and 3 occurrences of an event in n independent trials,
each having a probability of p, when n is large and p is small; the
product np = m is the abscissa. me differences between the empirical.
and theoretical curves result from the fact that the individual encounters
are not independent. Because of the large scale of the major synoptic
weather systems, there is a tendency for either clear or cloudy weather
to occur over a large area. Once icing is encountered, therefore, the
~obability of a second encounter is greater than it would be if the
icing sreas were distributed at random.
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The empirical curves in figure 6 may be used to obtain an estimate
of the probability of encountering icing at least once or twice in a
flight of any length, in an area for which the average frequency of en-
countering icing is known. The average frequency of encountering icing,
which was obtained by dividing the total number of encounters by the
total distance flown at a given flight level, is given in table V(b) as
the number of icing encounters per 1000 miles of flight. The product of .
this number and the length of a proposed flight in thousands of miles
gives the expected (average) number of icing encounters m.

—

lf-
Cd
Cn

For example, to estimate the risk of icing on a flight of 800 miles
N

at 700 millibsrs over the Bering Sea (“Looni’track) in summer, the ex-
pected number of icing encounters is givenby m = 0.775x0.8 = 0.62.
From the empirical curves of fi~e 6, it iS fo~d t~t~ for m = 0~62~
the probability of at least one icing encounter is 0.43, the prob~ility
of two or more encounters is 0.15, and the probability of 3 or more en-
counters is 0.03. The probability of no icing is givenw 1 - 0.43 = 0.57.
The probability of exactly one encounter is 0.43 - 0.15 = 0.28. The
probability of two encounters is 0.15 - 0.03 = 0.12. The estimated proba-
bilities presented in the last four columns of table V(b) were obtained
in this manner. For values of m greater than 1.5, the probabilities
given in table V(b) were calculated from Poisson’s equation. .

Probable extent of icing encountered. - In addition to knowing the
probability of encountering icing, it is also useful to know the prob~le *-
extent of icing when encountered. This information is also presented in
table V(b), which lists the average length of icing encounters and se-
lected values from the frequency distributions of len@h of icing encoun-

.—

ters as follows:
—

Lower quartile . ...*. . . . . Exceeded in 75 percent of encounters
Median. . . . . . . . . . . . . . Exceeded in 50 percent of encounters
Upper quartile . . . . . . . . . . Exceeded in 25 percent of encounters
90th Percentile . . . . . . . . . Exceeded in 10 percent of encounters

These values were determined by approximating the cumulative frequency
distributions (table V(a)) with smooth curves. The results are fairly
reliable for the groups with lsrge amounts of data, such as the “Buzzard*’
tracks, but are only rough estimates for the small samples.

Probability of Flight in Icing

The probability of flight in icing was discussed in a previous sec-
tion where the ratio x/N (table IV), based on d3screte observations, was
used as an estimate of the probability. A different (though not independ- .
ent) estimate of the over-all probability of icing for each data group
was determined from the analysis of frequency and extent of icing

.
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encounters. ‘his estimate (miles of icing per 1~ miles of flight,
* table V(b)), which was obtained from a summation of the lengths of the

individual icing encounters, utilizes the additional information in the
original data on the beginning and ending of icing between reporting
positions.

A comparison of the two estimates is shown in figure 7, which gives
an tntication of the consistency, though not the absolute accuracy, of
the estimates. The agreement is sufficiently good to lend some sup~rt
to the assumption made previously, that the duration of the individual
observations was small compared with the interval between them. Because
of the more complete utilization of the available information, the value
of miles of icing per 100 miles of flight is regarded as the more reliable
of the two estimates.

Type and Intensity of Icing

The observer, in reporting the type of ice that formed on the air-
cre&b, distinguished among rime ice, clesr ice, a combination of rime and
clear ice, and frost. For the 4600 icing obse~tions (including icing

. reported both at and between reporting positions), 72 percent were called
rime ice, 10 percent clesr ice, 17 percent a combination of both, and 1
percent frost. The reporting of frost, which was defined as icing in

. clear ah, can be considered questionable, since this small percentage
of the total observations is tithin the range of inherent coding and
analysis errors considered for the over-sll data.

Icing in precipitation, either rain or snow, occurred in about 20
percent of the icing conditions. About 55 percent of the icing in pre-
cipitation was reported while flying in snow. The remaining encounters
were reported in rain and drizzle (30 percent) and in showers (15 percent).
The occurrence of freezing rain was not reported as such and could not be
clesrly determined from the obse~ational data. Practically all the
reports of icing in precipitation also established that the aircraft were
in clouds at the time; supercooled clouds could thus have been responsible
for the icing rather than the reported rain or drizzle. The relatively
infrequent occurrence of icing in precipitation shown by these data veri-
fies the generally established criterion (ref. 3) that fcing is less
probable in precipitation areas.

The intensity of icing was reported for the most part in qualitative
categories of light, umderate, and heavy. A quantitative rate-of-icing
table provided in the code was seldom used. The intensity categmies
were defined on the basis of the effects of the icing on the &craft

b (ref. 1). Ice accumulations that could he handled adequately by the
ice-protection equipment and that did not necessitate changes in course,

altitude, or airspeed were coded as light icing; whereas, icing that
.
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exceeded the capacity of the protection system and, if continued, would
be a serious hazard to the flight was interpreted as heavy icing. An ●

intermediate icing condition was labeled as moderate icing. The fre-
quency of these reported intensities, related to the total observations,
was tabulated as follows: light icing, 87 percent; moderate icing, 12
percent; and heavy icing, 1 percent.

Quantitative values may be applied to these intensity categories by
referring to previous measurements of total ice accumulations experienced

—

on domestic ah routes, as measured by NACA pressure-type icing-rate ~-
meters (ref. 4). The total accumulation of ice from an icing encounter E
was found useful as a criterion of icing conditions in terms of the
effects on the aircraft (loss of airspeed, etc.). E it is assumed that
the frequency of icing intensities is the same for domestic and ocean
areas, the measurements of ice accretions previously reported for domes-
tic routes can be used.

Figure 8 shows a plot of the probability of exceeding finite ice
accretions during a given icing encounter, measured by icing-rate meters
on domestic ah routes reported in reference 4. ~ the probabilities of
the three intensity categories are assumed to be the same as the measured
probabilities shown on the curve, light icing would include ice accre-

tions up to about 1* inches,
.

with moderate icing ranging between l+ and

5 inches, and heavy icing exceeding 5 inches. The limits of light icing,
as noted from the pilot comments in reference 4, were also about 1* to

.

2 inches ice accretion. (The reconnaissance aircraft and those used on
the domestic routes used similar ice-protection equipment.) It should
be noted that these values were obtained by integrating the accretion
rates measured on the small sensing probe of the icing-rate meter. Ac-
tual total ice thickness, particularly on airplane wings, would be much
less because of the lower collection efficiency of luger bodies.

The data included in this report are restricted.to specific flight
levels and selected areas of the oceans. Further application of these
results to the operational analysie of specific missions or to the for-
mulation of ice-protection design requirements would require a method “--
for extending the results to apply to ocean areas in general. No direct
and simple correlations were immediately evident between the icing
probabilities and the many variables existing in the over-all data of
this report. The effects of altitude, geographical location, and cli-
matic factors such as seasonal variations in cloudiness and temperature
are all interrelated in such a way that classification of the data in
terms of one vsxiable is influenced by the correlated variations in

.

other variables.
.
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A preliminary study indicated that a limited extension of the icing
● probabilities to oth= ocean sreas may be possible if based on known

climatology of the areas involved. However, further analysis, beyond
the scope of this report, willbe required.

In general, icing statistics obtained from flight data are strongly
influenced by the flight procedures dictatedby a particular mission and
by pilot practices used in the operation of the aircraft. In airline
operation or on certain Air Force missions, any meteorological conditions
considered hazsrdous or of adverse effect on flight progress are avoided,
if possible, by sllowable changes in schedule, course, or altitude, ~ere-
fore, these conditions are not completely experienced, and data from
such operations, if used, would produce a statistical bias. The results
presented in this report are essentially unbiased in this respect, since
the missions were flown primsrily to determine weather factors and were
not altered from routine procedures to avoid adverse conditions unless
necesssry for the safety of the flight. As compared with airline expe-
rience, the high icing probabilities (up to 7 percent) recorded for some
areas during certain seasons are a result of combining a greater existence
of icing conditions in those sreas tith uribiasedstatistics from the
flight operations that supplied the data.

.
The significant results pointed out in this study sre the large

vsriation of icing probabilities (0 to 0.07) that was shown to exist over
. ocean areas throughout the year. Also, the general tendency of colder

cloud temperatures to reduce the probability of icing in equally cloudy

conditions is of interest, since this establishes over-all values for a
relation known to exist through previous experience and resesrch.

Lewis Flight Propulsion Woratory
National Advisory Committee for Aeronautics

Cleveland, Ohio, Wch 22, 1957
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TABLE II. - GROUPING ANll NUMBMl OF UEA!IHER RWONNAISSANCE OBSERVATIONS

USEU FOR STATISTICAL STUDY

Traok Flight Spring Summer Fall Winter
level

Total

Year Total Year Total Year Total Year Total

g~~~ :Mfllz %:$2 8EX:

++++
mmmm

:::: AI++* 22::

Wlture I 500 mb xxx- 2088 xx -- 2176 xx -- 1.962xxx- 1940 8,056
1500 ft xx -- 869 xx -- 1079 xx -- B71 xx -- 659 3,-478

Vulture II 700 mb xx -- 358 xx -- 234 xx -- 466 xx -- 29S 1,351
1500 rt xx -- 2281 xx -- 2168 xx -- 1922 xx -- 1386 7,757

Buzzard 500 mb xxx- 2486 xx -- 2395 xx --
Kilo

2386 xxx- 2082 9,349
15rm rt xxx- 1256 xx -- 1428 xx -- 1269 xxx- 1140 5,093

13wzmd 500 mb xxx- 3464 xx --
Delta

2368 xx --
7@3 mb xxx-

2356 xxx- 1930 10,118
2521 xx -- 1604 xx -- 1914 xxx- 1547 7,786

Loon 500 mb Xxxx 3760 Xxxx 2686 xxx-
700 mb --xx

3597 Xxxx
1320 - -xx E152 -

3462 13,705
-x- 817 --xx 740 s, 729

Ptarmigan 500 mb Xxxx 3434 Xxxx 3204 xxx-
700 mb --xx

3246 Xxxx ‘2694 12,578
1309 - -xx 714 --x- 657 --xx 763 5,433

Gull I 500 mb xx -- 1129 5 2!,447) xx -- 443 ---- ---- xx -- 67!

700 mb xx -- 305 ---- ---- ----
KJoo ft xx --

---- xx -- 671 976
417 ---- ---- ---- ---- xx -- 420 837

Gull II WOmbl X X - -1 1750 xx -- 519 ---- ---- ---- ----II 2,269
I

Gull III 500 mb ---- ---- xx -- 492 xx ---
700 mb ----

369 ---- ---- 661
---- xx-. 1065 xx -- 895 ---- ---- 1,980

1500 ft ---- ---- xx -- 1267 xx -- 1021 ---- ---- 2>288

Lark 500 mb xxx- 2026 xx -- 3044 xx -- 2376 xxx- 2728 10,176
700 mb xx -- 106 ---- ---- xx --

1500 l’t xxx-
224 xx -- 162 612

1710 xx -- 2456 xx -- 1970 xxx- 2236 6,s80

Petrel I 500 mb xxx- 2140 xx -- 1406 xx --
700 mb xx --

1250 xxx- 2342 7,13a
198 ---- ---- ---- ---- xx -- 266 464

1500 ft xxx- 1008 xx -- 6T4 xx -- 663 xxx- 1030 3,295

Petrel 11 500 mb xx -- 555 xx -- 654 xx -- 264 xx -- 876 2,369
1500 ft xx -- 253 xx -- 330 xx -- 134 xx -- 360 1,097

Faloon 500 mb --x- 1046 ---- ---- ---- ---- --x- 359 1,386
1500 ft --x- 1039 ---- ---- ---- ---- --x- 261 1,300

Eagle 700 mb xxx- 546 xx -- 365 xx -- 346 xxx- 276 1,535
*

!Total I I 139.3761 134.063 I 130,7931 I31,51OIII35, 742 I
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.
TABLE IV. - SUMMARYTABULATION OF TOTAL, CLOUD, AND ICING OBSERVATIONS WITH

CORRESPONDINGRATIOS AND AVERAGETSMPERATURSS

~bservations: N, total; n, clouds;x, icing~

Season Flight Track Sunznary total Average peroent
level

Average temperature

N n x n x/N X/n N n x

spPlng 500 mb Vultuze I 2049 185 93 4.5 m -7.2 -7.-1 -7.5
Buz EUo was 351 98 1::: 3.9 28 -15.5 -12.7 -9.4
Buz Delta 3464 623 63 18.0 1.8 10
Loon

-24.0 -21.9 -16.8
3750 646 1s 17.2 .5 3 -29.7 -27.0 -23.7

Ptarmigan 3420 2oa 2 6.1” <.1 1
Gull I

-34.8 -33.5 -27.5
1117 126 23 11.3 2.1 1s -14.1

Gull II
-14.0 -11.3

1748 167 23 1.3 14 -13.7 -14.7
Lark

-13.5
2000 231 23 1;:: 1.1 10 -19.6 -19.2 -18.2

Petrel I 2096 195 51 9.3 2.4 26 -13.1 -14.2 -11.9
Petrel II 555 31 5.6 -11.8 -13.4 -19.0
Falcon lK)46 43 ; 4.1 :: ; -26.7 -24.9 -25.3

70Q mb Buz Delta 2521 475 76 18.6 3.0 16 -9.5 -7.4 -7.9
Loon 1317 275 46 20.7 3.6 18 -14.1 -13.3 -10.5
Ptsrmigan 1::; 115 10 8.8 .6 9
Gull I

-20.4 -1S.6 -14.9
5s 17.5 1.3 -8.2

Lark 108 14 : 13.2 1.9 1: -5:: 3::
Eagle 542 86 15 15.9

-10.0
2.0 17 -.6 -3.2 -4.5

1500 ft I?alcon 1039 291 25 28.0 2.4 9 2.2 0.8 -4.6

Summer 500 mb Vulture T 2125 259 88 12.2 4.1 34 -4.7 -4.6 -4.7
BTU?,Kilo 2393 390 171 16.3 7.1 44 -5.6 -5.2 -5.0
Buz Delta 2353 287 104 12.2 4.4 36 -10.6 -8.8 --?.5
Loon 2882 452 58 15.7 2.0 13 -17.4 -16.9 -14.9
Ptarmigan 3193 414 36 13.0. -23.6 -23.1 -23.1
Gull I 443 30 12 6.8

::; ~9
-8.3 -6.1

Gull II
-7.6

519 16 7 3.1 1.3 44 -8.0 -10.0 -10.3
Gull III 477 32 9 6.7 1.9 2s -6.S -7.5 -7.1
Lark 302Y 138 39 4.6 1.3 2a -11.4 -12.2 -11.5
Petrel I 1389 74 16 5.3 1.2 22 -9.8 -11,1 -9.6
Petrel II 654 58 16 8.9 2.5 28 -9.1 -9.0 -9.2

700 mb EkIzDelta 1793 210 13 11.7 0.7 -4.1
Loon 852 159 41 18.7 4.8 2: -::: -H -5.5
Ptarmigan 714 92 41 12.9 5.7 45 -6.3 -6.4 -7.1
Eagle 363 16 0 4.4 0 0 5.6 4.0 -----

?all X)0 mb Vulture I 182g 152 52 8.3 2.8 34 -5.4 -5.0 -4.9
Buz K.I1o 2376 313 132 13.2 5.6 42 -10.7 -8.9 -8.6
Buz Delta 2348 362 60 15.4 3.4 22 -20.0 -17.i’ -12.4
Loon 3597 5’X3 35 15.3” 1.0 6 -27.1 -26.3 -23.1
Ptarmigan 3::: 235 12 -32.8 -29.3 -26.9
(lullIII 32 10 ::: 2:$ 3: -6.6 -6.7 -5.9
Lark 2357 265 66 11.2 2.6 25 -14.1
Petrel I

-17.4 -16.2
1;:: 146 45 11.7 3.6 31 -11.1 -12.6 -11.2

Petrel II 39 19 13.7 6.7 49 -10.1 -10.9 -10.6

700 mb Buz Delta 1887 277 53 14.7 2.8 19 -5.7 -7.6 -10.3
Loon 517 156 31 19.1 3.8 20 -11.0 -9.4 -9.7
Ptermigan 657 87 33 13.2 5.0 38 -17.7
Lark

-16.2 -17.1
221 29 3 13.1 1.4 10 -.4 -7.7

Eagle 343 37 3 10.8 .9 s 2:: 0 -2.3

lintar 503 ulb Vulture I 1921 102 55 5.3 2.9 54 -8,0 -9.4 -8.8
Buz Kilo 2080 165 48 2.3 29 -23..4 -18.5 -15.2
Buz Delta 1925 248 35 1;:: 1.8 14 -33.Q -31.0 -26.6
Loon 3230 409 18 12.7
Ptarmigan 2533 39 1 1.5 ‘::

-34.3 -32.8 -26.2
$

Gull I 860
-40.8 -37.2 -37.0

72 17 8.4 2.0 24 -15.3 -15.s -13.3
Lark 2699 400 75 14.8 2.6 19 -19.9 -19.6 -16.5
Petrel I 2332 384 88 16.5 3.6 23 -15.7 -16.9 -15.8
Petrel II 672 12s 36 14.7 4.1 2s -14.4 -14.4 -12.8
Falcon 339 18 4 5.3 1.2 22 -30.1 -29.2 -25.0

70Q mb Buz Delta 1547 277 100 17.9 6.5 36 -18.9 -19.3 -16.8
Loon 740 1.57 31 21.2 4.2 s -17.6 -15.1 -14.7
Ptarmigan 753 37 5 4.9 .7 14 -28.6 -25.2 -29.0
Gull I 670 1:: 28 15.s 4.3 27 -1.0 -2.0 -4.9
Lark 170 4 14.7 2,4 16 -2.5 -3.0 -4.7
Petrel I 248 31 2 12.5 .8 -1.6 -13.5
Eagle 240 44 7 18.3 2.9 1: -i:: -3.0 -4.3

1500 rt Lark 2;:; 616 28.4 ‘=.1 <1 7.1 7.3 -3.0
Falcon 65 1: 24.9 5.0 20 0 .3 -1.3

*
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Figure 8. - Range of light, moderate, and heavy icing intensities, based onprob-
abilities of total ice accretion nk?aauredon domestic air routes.
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